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FRAGMENTATION AND FLOW IN CENTRAL COLLISIONS

B. V. Jacak,® K.G.R. Doss,! H.-A. Gustafsson,® H. Gutbrod,* J.W. Harris,**
K.-H. Kampert,*** B. Kolb,* A.M. Poskanzer,** H.G. Ritter,** H.R. Schmidt,*
L. Teitelbaum,** M. Tincknell,** S. Weiss,** and H. Wieman**

There Las been considerable recent interest in the production of medium mass frag-
ments (A>4) in intermediate and high energy nucleus-nucleus collisions. The mechanism
for production of these fragments is not well understood; attempts to describe fragmen-
tation employ a variety of assumptions. Some examples are: disassembly of a system
in thermal equilibrium into nucleons and nuclear fragmentas,!:? liquid-vapor phase transi-
ticns in nuclear matter,® final state coalescence of nucleons* and dynamical correlations
between nucleons at breakup.®® Single particle inclusivea measuremerts are inadequate to
distinguish nmong the models, as the fragment mass (or charge) distributions are well de-
scribed by all. Even the basic question whether the fragments arise from “hct” or “cold”

matter has not yet been answered.

Investigatiou of the fragmantation mechanism requires the measurement of more
complicated observables. To identify what part of the reacting system gives rise to the
fragim nts, it would be useful to tag them as participants or spectators. Such a separation
is far fro'n clearcut, and infurmation about the impact parameter of the collision is cru-

cial. A large acceptance for all the react..n products and an event-by-event measurement
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of the fragment multiplicity is required to distinguish fragment formation via sequential
emission from a large equilibrated systemm and multifragmentation. In order to address
whether fragments are formed early or late in the collision, information about the dynam-
ical evolution of the reaction is necessary. This can be provided by study of the global
properties of the eveats.

Analysis of global variables can also allow us to extend recent studies of collective
sidewards flow of light particles.”® Collective Sow was initally predicted by theoretical
fluid dynamics,® 191! but also arises in various other models!?!3:14:18 jncorporating com-
pressional degrees of freedom in the form of a pressure-density relation, i.e., an equation
of state. In “hese models the amount of transverse fiow is directly related to the stiffness
of the nuclear equation of state and transport properties of the nuclear medium.!® At
non-zero impact parameters there is an inherent asymmetry in the pressure developed
in the interaction region, which results in a transverse flow of matter in the direction
of lowest pressure. Several calculations'?!*? capable of producing nuclear fragments
predict that a stronger collective flow effect should be observed for the fragments than for
light particles emitted in the reaction. Additionally, the presence of the effect in detected
fragments may provide further cluves to their production mechanism.

The GSI/LBL Plastic Ball/ Wall detector system?° was used to study light and inter-
mediate mass fragments over a large solid angle in 200 MeV /nucleon Au + Au reactions
at the Bevalac. The detector layout is shown in Fig. 1.

The Plastic Ball consists of 813 CaFa(A E)-Plastic Scintillator(E) telescope modules
covering the angular region from 10° < 4y < 160° with H and e isotope identificc.tion.
Corm.pucer-controlled high voltage modules were implemented on tLe 160 Ball modules at
8ias < 30° to enable online gain-matching. With a careful reduction 1a gain for these
forward Ball modules, their dynamic range was extended, enabling the simultanscus
measurement of all produzed nuclei from H to Ne. Unit separation of nuclear charges
for | € Z < 10 was obtained with isotope separation for Z = 1 and 2. A calibration
for the fragment charge identification was made by letecting low energy 'C beams
and '2C fragmentation products at the Bevalac using time-of-flight techniques. In order
to be identified, fragmen’s were required to traverse the 4 mm thick C'aFy scintiilator
producing a low energy cut-off in the laboratory of Ejq # 35-40 MeV /nucleon. Since
the velocity of the c.m. system corresponds to E'qy & 50 MeV/nucleon, ti.e low energy

cut-off is not important in the forward direction of the c.m. system. The measurements
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Fig. 1. Schematic view of the Plastic Ball and the Plastic Wall.

of intermediate rnass fragments were oaly performed at 8;,, < 30°, which corresponds to
the forward hemispheare in the c.m.

The Plastic Wall covers angles 8;,, < 10° with 60 pairs of scintillation counters,
providing particle identification for 1 < Z < 6 and velocities § > 0.3 (45 MeV /nucleon) via
time-of-flight and energy loss. Tie acceptance for light charged particles extends over 4x,
allowing each event to be characterized by charged particle multiplicity. In addition, there
was a zero degree gas proportional chamber?! cover 0+2° in the laboratory. This detector
with its five wire planes enabled extremely high position resolution for large projectile
remnants. Beamr defining counters employing standard pile-up rejection techniquies were
used to ensure against chance coincidence events.?®

The observed participant charge multiplicity distribution for Au + Au is shewn in
Fig. 2. We have used this quantity to sort the events into groups accordirng to impact
parameter, as indicated by the lines in the figure. TLe events with the fewest observed
charges (labeled “MUL1") correspond to the most peripheral collisions, while the events
with the highest charge multiplicities (“MULS") arise from central collisiona. The drop
in the number of ev:nts with very low multiplicities is a result of the trigger used in the

experiment, which was designed to discriruinate against the most peripheral collisions.
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Fig. 2. Participant charge multiplicity distribution for 200 MeV/n Au + Au. Thisincludes
protons bound in H and He isotopes.

Figure 3 shows a density plot of the invariaat cross section for iithium fr gments from
Au + Av, as a function of the rapidity and the perpendicular momentum per nucleon. The
five parts of the figure correspond to the five cuts on the participant caarge multiplicity
indicated in Fig. 2. No corrections for the angular and energy cutoffs in the detector have
been applied to the data. Thus two distinct sections are visible in each plot, corresponding
to the two subsections of the detector system which were sensitive to intermediste mass
fragments.

It is evident from the figure that peripheral collisions give rise to fragments with
rapidities very clnse tc the beam rapidity, consistent with expectations for fragmentation
of a slightly excited projectile. In the “MUL1" plot we see a hole in the yield at exactly the
beamn rapidity, correspouding to coulomb repulsion b-stween the emitted lithiu.n fragment
and a heavy remnant of the Au projectile. In events where a projectile remnant is cbserved,
the azimuthal angles of the rempant and fragments are correlated, supporting the picture

of fragments evaporated from a large projectile residue.
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Fig. 3. Multiplicity selected rapidity plots for lithium fragments from Au + Au. The
multiplicity bins runge from lowest (MUL1), indicating peripheral collisions to
highest (MULS5), containing central collisions.

In the more central ccllisions in the highest multiplicity bins, we see many lithium
fragments emitted with smaller rapidities, intermediate between those of the target aad
the projectile. In contrast to the forward peaked angular distributions arising from pe-
ripheral collirions, these fragments are emitted relatively isotropically in the ceuter of
nizss system. Such behavior is what one might expect when the projectile nucleons im-
part more energy to the target and create an excited ragion which moves at a velocity
apprcximately haifway between ihat of the projectile and the ta:zget.

The transition between the peripheral and central collisions is very smoouh, with a
gradual shift in the rapidities of the observed fragments away from the projectile razidity.
In order to check if both projectile-like and inidrapidity fragments are formed in the same
event, we chose events with multiple fragments and required that at least one fragment

fall into a midrapidity window. We made a rapidity plot similar to Fig. 3 of the uther
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Fig. 4. Sum of charges observed in the forward c.m. hemisphere, as a function of the
participant charge multiplicity. The separate lobe at low multiplicity corresponds
to events with a large projectiie remnant detected at very forward angles.

fragments in the event, and found that the mixing occurs event-by-event- even in the
central collisions where midrapidity fragments are formed, we obeetve some associated
projectile rapidity fragments.

In order to look for mulcifragmentazion events, and to understand the breakup of the
system as a function of impact paramster, we summed the charges observed in the forward
c m. hemiephere and compared this with the charge of one Au nucleus. The resulting
sum is shown in Fig. 4, plocted as a function of the participant charge multiplicity.
For paripheral collisions, a large pr.ectile remnant in detected in many events; these
correspoud to the small lobe on the left (low multiplicity) side of the figure. The charge
of the projectile remnant is not well determined, so it is assigned ona half the charge of the
projectile. It is clear that this procedure underestimates the remnant charge for the most
peripheral collisions and overestiniates it as the impact p arameter and projectile remnart

vecome smaller. The low multiplicity saction in the large lobe in the figure corres,yonds
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Fig. 5. Fragment (Z > 2) multiplicity distributions for 200 MeV/n Au + Au for five
participant charge multiplicity bins increasing from MUL1 to MULS5. These mul-
tiplicities correspond to fragments emitted in the forward hemisphere of the c.m.
system,

to events where the projectile remnant was not recorded in the sero degree hamber.

For central collisions (large multiplicities), nearly all of the Au charge is observed
in the form of light and intermediate mass fragments. These results iudicate that in
central and near-central collisions the system breaks up into small and medium mass
fragments (Z < 10) with no large nuclear remnant. As well as indicating the onret of
multifragmentation, Fig. 4 also illustrates the high efficiency of the detector system and
motivates an event-by-event study of the fragment multiplicitivs.

Multiplicity distributions of fragments with 3 < Z < 10, obeserved in the forward
hemisphere in the c.m. frame are shown :n Fig. 5. The events ars sorted according to the

participant charge multiplicity into five bins. Most peripheral collisions (MUL1) result in



a low multiplicity of intermediate mass fragments. These fragments have energies close
to that of the projectile and are usually accompanied by a large projectile remnant. In
more central collisions (MUL4 and MULS5) wheve practically all of the projectile charge
is observed ir light and interinediate mass fragments, there are on average 3-4 fragments
per event at 8., < 90°. Extrapolation to 4x leads to 8 or more intermediate mass
iragments in central collisions, with a significant number of events producing as many as
20 fragments. These numbers are slight underestimates due to the low beta cut-off for
fragments.

The large number of fragments formed in central collisions, and their emission at
midrapidity, motivate analysis of global variables to study the dynamics of the collision
and the fragmentation mechanism. To investigate whether the collective flow effect present
in light p¢ rticles is also exhibited by heavier fragments, the transverse momentum analysis
technique?? was employ 'd to determine the reaction plane of each event. In this method
the vector difference of the transverse momentum components of particles going forward
and those going backwards in the c.m. is used together with the beam axis to define the
reaction plane. This difference corresponds to the collective transverse momentum trans-
fer in the c.m. The transverse momentum pperp of each particle is then projected onto
the reaction plane, where the particle of interest has been excluded from determination of
the plane {i.e. autocorrelations are removed), yielding the inplane transverse momentum
pa. For each particle the fraction of the particle’s transverse mornentura that lies in the
reaction plane is calculated.

Displayed in Fig. 6 is the mean value of the transvrse mo: nentum alignmeat (p,/p.)
in the MUL3 multiplicity bin for particles as a function of their rapidity for Z=1,2,3 and
6. Positive and negative values of (p,/p,) correspond to emission projecved into the
reaction plane, but on opposite sides. The forwa:-d-backward asymmetry is an artifact of
experimental biases at low particle energies (near target rapidity) and spectator cute ‘n
the projectile rapidity region made using the prescription of Ref. 23. Since participant-
spectator discrimination is not unique, the slopes of the curves at midrapidity in Fig. 6
best characterize the flow.34 It is clear that an increasingly larger part of the fragment’s
transverse momentum lies in the reaction plane s the fragment mass increases. The
Z = 3,8 fragments are more aligned in the plane than the Z = 1,2 particles, which are
interpreted to flow collectively.”:8:13:13,14,18,32
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Fig. 6. The mean value of the transverse momentum projected onto the reaction plane
(defined in text) divided by the transverse momentum vector modulus as a function

of c.m. rapidity for 200 MeV/n Au + Au. Shown are the values for Z = 1,2,3 and
Z>86.

Having studied the alignment of fragments in momentum space, the spatial corre-
lation of the fragments with the reaction plane will now be examined. Presented in Fig.
7 are directivity plots showing the asimuthal correlation of amitted light particles and
fragments with the reaction plane. The angle plotted is the asimuthal emission angle
of each particle or fragment with respect to the reaction plane defined by the Z = 1,2
particles with autocorrelations removed. The left-hand column labeled MUL2 contains
relatively peripheral collisions, and the right, MUL4, relatively central ones. Collisions at
extremely large or amall impact parameters result in poorly-defined reaction planes and
are not shown here. The two curves in each box correspond to rapidities of the emitted
particles and ‘tagments: near-midrapidity 0.32 < y < 0.42 (circles) and near-projectile
rapidity 0.52 < y < 0.62 (crosses), where the projectile rapidity is 0.64. A strong az-

imuthal correlation is observed between all Z > 2 nu-lsi and the asimuthal direction of
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maximum collective momentum transfer in the flow plane ¢ == 0. The correlation is rather
flat for Z=i and becomes increasingly stronrer for heavier fragments. Ptojectile rapidity
fragments are more correlated than midrapidity ones. The effect on projectile rapidity
fraginents is larger in central collisions than peripheral ones, whereas the midrapidity frag-
ment correlations have very little dependence upon the centrality of the collision. In the
limit of complete thermaligation, azsimuthally symmetric emission of midrapidity particles
is expected. However, the presence of a correlation between fragments and the reaction
plane suggests that this picture is too simple; dynamic compression-expaasion effects are

present for the midrapidity fragments ~nd high multiplicity (central) events.

The observed correlations are predicted to arine from collective flow of matter in the
collision. This should be more important for central collisions than peripheral ones, and
a stronger correlation is iudeed seen on the right ride of Fig. 7. The mass dependence
of the correlation is also consistent with predictions of flow.!718:1® One might expect
that the correlations from collective motion will be somewhat reduced by the random
thermal motion generated in such energetic collisions. However, this is not always tne
case. For a system of nucleons and fragments in thermal equilibrium at a fixed freezeout
temperature, the thermal energy is equally partitioned. Thus, the thermal energy per
nucleon in a fragment of mass A has a 1/A dependence. The flow energy, which is
originally compressional energy built up in the early stages of the collision, should have
a linvar A dependence, i.e. the compressional energy per nucleon is independent of A.
Since the final fragment energy is a sum of the thermal and flow energies, the flow is an
increasingly larger fraction of the fragment energy and the thermal energy less important
as the fragment mass increases. Figure 8 shows the mean transverse momentum in the
reaction plane per nucleon ((p,/A)) for light and medium mass fragments, as a function of
their rapidity. If the flow energy were to dominate the particle motion, the curves would
lie or. top of one another. They are in fact closs, though not quite overlapping, consistent
with the expectation of some random thermal motion. The slightly stronger correlation
with the reaction plane for the heavier fragments indicates that the thermal energy does

indeed become lesc important as the fragment inass increases.

Results from the first large solid angle measurement, of fragiu.ent formation in periph-
eral and central heavy ion collisions have been presented. The events are characterized
through 4x measurement of the light charged particles, yielding impact parametec infor-

mation and allowing identification of multifragmentation events and analysis of the flow of
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the emitted nucleons and nuclear fragments. Ou average, 8-9 intermediate mass fragments
(2 £ Z < 10) are produced in central Au + Au collisions at 200 MeV /nucleon, with up
to 20 observed in some events. The transverse momentum per nucleon characterizing the
flow and the alignment of the fragments both in position and momentum space relative
to the reaction plane is observed to increase with the mass of the fragment, supporting
theoretical predictions of the existence of an enhanced collective flow of heavier nuclear
fragments. The flow data alone may not allow us to distinguish production of fragments
in equilibrium models from coalcscence of nucleons, since the A dependence in both ap-

proaches is the same.?® However, it does tell us that the fragment formation mechanism



preserves dynamical informaticn from the early stages of the collision, and provides a

more sensitive probe for future studies of the nuclear matter equation of state.
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